Metal oxide electrocatalysts with minimal or no reliance on precious metals can display outstanding activity in oxygen catalysis and thus hold promise as materials for sustainable energy storage/conversion technologies. We review recent progress in the preparation of oxides for bifunctional oxygen reduction/evolution applications (ORR/OER) and include a summary of benchmark performances achieved over the past 3 years. Parallel and complementary progress on development of activity descriptors for the OER in oxides is also covered; special attention is dedicated to synergistic effects and the importance of support choice and oxide/support interactions to maximize activity and ensure stability. Finally, exciting mechanistic insights on OER and bifunctional ORR/OER oxide catalysis gained from recent in situ and operando X-ray experiments from the recent literature are discussed. The oxygen evolution (OER) and the oxygen reduction (ORR) reactions are key processes for the development of alternatives to fossil fuel-based technologies. It is therefore not surprising that the research community has demonstrated increased interest over the last decade in the discovery of new electrocatalysts and electrode design principles to improve the rate of these reactions while using commercially viable materials and/or synthetic routes. Metal oxides have a long history as electrocatalysts for oxygen redox processes in alkaline media, however, interest in understanding and improving their performance in the OER/ORR has significantly increased in the literature over the past 5 years as shown in Figure 1 . Progress is critical in several important areas including: synthesis of hybrid/mixed and bifunctional oxide catalysts, low-cost oxides from earth-abundant elements, new mechanistic insights from computational and operando characterization methods, and further advances in electrode architecture and electrolyte optimization. In this perspective article, we will focus on recent advances in bifunctional metal oxide electrodes and oxide/support synergistic effects, as these have emerged as areas with significant margin for improvement and development, and with strong potential for gains in performance. The increasing importance of in situ and operando spectroscopic characterization methods in metal oxide electrocatalysis is illustrated in the last section, including highlights from the recent literature.
The oxygen evolution (OER) and the oxygen reduction (ORR) reactions are key processes for the development of alternatives to fossil fuel-based technologies. It is therefore not surprising that the research community has demonstrated increased interest over the last decade in the discovery of new electrocatalysts and electrode design principles to improve the rate of these reactions while using commercially viable materials and/or synthetic routes. Metal oxides have a long history as electrocatalysts for oxygen redox processes in alkaline media, however, interest in understanding and improving their performance in the OER/ORR has significantly increased in the literature over the past 5 years as shown in Figure 1 . Progress is critical in several important areas including: synthesis of hybrid/mixed and bifunctional oxide catalysts, low-cost oxides from earth-abundant elements, new mechanistic insights from computational and operando characterization methods, and further advances in electrode architecture and electrolyte optimization. In this perspective article, we will focus on recent advances in bifunctional metal oxide electrodes and oxide/support synergistic effects, as these have emerged as areas with significant margin for improvement and development, and with strong potential for gains in performance. The increasing importance of in situ and operando spectroscopic characterization methods in metal oxide electrocatalysis is illustrated in the last section, including highlights from the recent literature.
Bifunctional metal oxides
Electrocatalysis for the OER and ORR at a single bifunctional electrode would be greatly desirable for multiple applications that demand both storage and release of energy to take place in the same device, such as fuel cells and metal-air batteries. State-of-the-art catalysts for these two reactions are based on precious metals: Pt-group [1, 2] catalysts and IrO x /RuO x [3] [4] [5] are the most active and stable catalysts for the ORR and OER, respectively. Due to the high cost and scarcity of precious metals, intense activity has been focused on the development of bifunctional electrodes that rely on non-precious metals. In alkaline media, several catalysts based on earth-abundant metals (Co, Ni, Mn, Fe) have been reported to display activity comparable to that of Pt-and Ru/Ir-based catalyst in the ORR [1, 6, 7] and OER [8, 9] , respectively. The combination of individual catalysts on the same electrode is a viable route for achieving bifunctionality, however it remains challenging to optimize reaction conditions suitable to both catalysts and/or to avoid inhibiting effects at the two extremes of a charge-discharge cycle. Thus, the identification of materials that integrate stable active sites for both reactions in a single phase remains an important goal in the field to this date.
Non-precious transition metal oxides (TMO) are promising candidates for bifunctional electrodes [10 •• ] ; TMOs, in general, show good stability in alkaline media and have been shown to perform well as ORR and OER catalysts. Notably, selected oxides of Mn and Co have been shown to display good activity in both reactions, a rare and Percent number of publications over the 5 years preceding this manuscript, that focus on oxides, relative to total publications associated to keywords "electrocatalysis" and "OER" or "ORR". Source Web of Science. desirable property that can also be leveraged for the design of bifunctional catalysts [10, 11] . In this article, we will highlight recent work in OER/ORR catalysis in base; •• ] have recently addressed this by studying different carbon nanomaterials to select for resistance to corrosion. They proposed size-controlled graphene tubes in combination with ternary FeCoNi alloy nanoparticles as active and stable catalysts and suggest that the mitigation of the corrosion is due to the conversion of FeCoNi alloy to its oxides during the OER in bifunctional electrodes.
Finally, the use of oxides based on the perovskite structure in OER/ORR has found renewed impetus. Focus on cation substitution in the bulk structure as a tool for regulating e g -orbital occupancy has been extensive. More recently, engineering of oxygen defect concentration has gained justified relevance as an important parameter to be leveraged for improving and rationalizing ORR/OER (a) Tafel plots of La 1 −x Sr x CoO 3 −δ materials for the OER from ref. [24 ] ; (b) Correlation of oxygen evolution activity with the vacancy parameter δ from ref. [24 ] ; and ( c ) Correlation of oxygen evolution activity with the oxygen ion diffusion rate from ref. [24] . Source: (Reprinted (in part) with permission from [24] . Copyright (2016) Nature Publishing Group.)
performance, given that vacancies alter electronic properties (e-donors) and oxygen surface mobility in perovskites [24 •• ] . Stevenson and co-workers [24
showed strong correlation among OER activity, vacancy occupancy and oxygen diffusion rate in La 1 −x Sr x CoO 3 −δ and proposed that occupancies are diagnostic of M -O covalency and that they play a mechanistic role in the OER cycle, Figure 2 (a-c). These insights are relevant to explain the performance of perovskites with outstanding bifunctional performance [20] including some of the newest materials, e.g. the oxygen-deficient t -BaTiO 3 −x recently reported by Chen et al. [18] with ORR/OER activities comparable to state-of-the-art IrO 2 nanoparticles. Interestingly, effects of strain investigated by Petrie et al. [25 • ] in LaNiO 3 showed that a compressive strain can also enhance the bifunctional ORR/OER activities, a finding that might be applicable to other TMOs. Nonetheless, conductivity and stability remain important issues for practical applications of perovskites; recent work on degradation pathways under OER conditions emphasizes the need for joint optimization of activity and stability [26] .
Support-catalyst synergistic effects in the OER
The benefits of synergistic effects between OER-active oxides and the support phase [27 -29 • ] , between metal centers in active mixed oxides [11, [30] [31] [32] [33] , and between active oxides and electrolyte impurities or anions have been highlighted in the recent literature [28 •• ,34-36] . Identifying synergies is critical for progress in both precious and non-precious metal oxides for the OER, as such effects can be leveraged to reduce metal load for the former and boost OER activity for the latter. In this opinion article we focus on advances in support optimization although all of the above are known to be paramount for tailoring ultimate OER performance.
Numerous recent reports support a strong link between OER activity of precious and non-precious metal oxides and the chemistry and architecture of the support [37
•• ] investigated the performance of a MnO x material as a function of various underlying metals on a GC substrate in 0.1 M KOH electrolyte. The underlying metals, Au, Pd, Pt and Ag, were electrodeposited, then the MnO x was deposited by the same process on top of the relevant metal. The order of activity for MnO x /metal followed the trend Au > Pd > Pt > Ag while unsupported MnO x yielded a significant decrease in performance. X-Ray Absorption Spectroscopy (XAS) after OER was used to determine Mn oxidation states and showed that in MnO x /metal layers Mn centers oxidize to Mn(IV), while in unsupported MnO x it remains at Mn(III). Their study indicates that there are strong chemical synergies at play, so that the choice of support offers further degrees of freedom for the optimization of TMO activity in the OER.
Beyond MnO x , Au-enhanced activities have also been reported by Ng et al. [37 • ] for a Ce-doped NiO x catalyst, and by Zou et al. [40] for FeOOH. Ng et al. 's work proposed that NiO x -Au interactions increase the availability of highly reactive under-coordinated Ni-sites, but we refer to an article in this same issue for a more in-depth discussion. Zou et al. [40] found the FeOOH/Au combination to be superior over FeOOH/Pt and attributed this to chemical reactions of Fe ions with Au after cycling, resulting in a larger fraction of the oxide film being accessible to the OER at high potentials. Another study by Wang et al. [ From literature it is evident that the choice of support, among other parameters, is critical for an optimum OER activity and more research in this area is forthcoming. It is worth however to highlight a popular but unconventional OER support, i.e. carbon. Supports should be in the first instance inert toward oxidation in the window of operation for the OER, and we recommend a detailed study of substrate selection reported by Jaramillo and co-workers on this topic [16] . Under high applied potential limits, carbon supports corrode and the associated anodic current can confound the interpretation of OER activity. A good example of problems associated with carbon inertness is Görlin et al. [28 •• ] that reports the faradaic efficiencies of a mixed Ni/Fe oxide supported on carbon Vulcan powder and unsupported in three alkaline solutions ( Figure  3 (a) ). The faradaic efficiency of the oxide was found to decrease by up to 35% when supported on Vulcan. The differences observed indicate that carbon corrosion occurs during OER for the Ni/Fe oxide; in the absence of faradaic efficiency tests the anodic currents could have been erroneously attributed entirely to the OER. Also, Oh et al. [41] studied the effect of supports on IrO 2 activity, comparing antimony-tin oxide (ATO) and carbon. This study concluded that ATO is more durable than the carbon support in the OER region, Figure 3 (b) . It remains unclear whether some of the excellent performances in OER reported for selected carbon-supported OER catalysts are affected by corrosion contributions in the absence of reported faradaic efficiencies. To minimize instability and accuracy in OER efficiency determinations, numerous authors are therefore focusing on directly addressing carbon corrosion (see above) or relying on altogether different supports for the oxide-catalyzed OER.
Insights from in situ and operando studies
Mechanistic understanding of oxygen catalysis at oxides is needed to optimize performance and fully leverage synergies between catalyst and metal centers, host phases and supports. X-ray methods have a stellar record in heterogeneous catalysis and their application to electrocatalysts for the OER has recently seen a remarkable expansion. In situ and operando X-ray methods play a particularly important role as they can interrogate the catalyst in its functional form and under operating conditions [42] .
The best performing oxides in OER/ORR are amorphous or rich in defects and, as discussed above, defect engineering constitutes a tool for tailoring performance; hence, X-ray absorption (XAS) methods sensitive to local structure of metal sites such as extended and near-edge XAS (EXAFS and NEXAFS) are extremely powerful tools. In situ XANES and EXAFS at the Mn-K edge was used by Gorlin et al. [43] to observe phase changes associated with ORR and OER activity in an electrodeposited bifunctional MnO x /Au catalyst. The active phase for both the ORR and the OER in 0.1 M KOH was found to be highly porous and disordered. In situ monitoring revealed surprisingly facile structural transformations upon potential changes from an ORR-active disordered Mn 3 O 4 (II,III) phase to an OER-active MnO x (III/IV) layered phase similar to birnessite, Figure 4 (b-c).
Mixed metal oxides display some of the best bifunctional performances, however their characterization can benefit from the ability to analyze the local structure of two or more metal centers simultaneously. Wavelength dispersive X-ray emission spectroscopy (XES) [42] can fulfill this demand for multiplex in situ analysis and has interestingly been applied to the study of a Ni/MnO x bifunctional catalyst by Gul et al. [44 •• ] . An analysis of XES spectral differences with respect to a reference potential was used to monitor oxidation states of Mn and Ni simultaneously. In combination with EXAFS and XRD analysis, the method provided a detailed model of phase changes vs. potential and revealed synergies between NiO x and MnO x , whereby the presence of NiO x (i) imparts structural stability compared to pure MnO x [43] with a likely advantage in terms of catalyst stability, and (ii) improves OER activity by facilitating oxidation of Mn III -centers to Mn IV .
An improved understanding of synergistic effects has emerged from recent operando XAS experiments. In the case of single-metal oxides we note the work by Frydendal et al. [38] ] studied the structure of mixed oxides over the full range of concentrations and concluded that irrespective of Fe% content, the average oxidation states under OER are + 3 and + 3.6 for Fe and Ni, respectively. The active phase was identified as Fe-doped NiOOH, with segregation of inactive FeOOH proposed at high Fe%. They observed that while the local structure at Ni-centers during OER was insensitive to Fedoping and identical to that in OER-inactive NiOOH, the structure at Fe-centers was affected by the NiOOH host matrix. This led to their proposal that Fe cations are the active sites responsible for OER activity. Also, the presence and role of Ni IV at OER catalytic potentials remains a topic of discussion; Görlin et al. [46 • ] combined quasi in situ XAS with operando differential electrochemical mass spectrometry (DEMS) and demonstrated that Fe-dopants increase the faradaic efficiency of the OER relative to competing metal oxidation to Ni IV , Figure 4 (d-g ). Their XAS experiments suggest that low Fe% levels ( < 4%) favor the presence of Ni IV whereas higher Fe% leads to an OER-active Ni II Fe III OOH phase. In contrast with Friebel et al. they did not observe formation of separate Ni-and Fe-oxide phases. More recently, Nocera and co-workers [31] confirmed via in situ XANES that low Fe% values stabilize Ni IV centers and increase Ni -O covalency; they proposed this favors the oxyl character of Ni -O thus promoting O -O bond formation. As pointed out in Görlin et al. at least part of the discrepancies observed in experimental findings and interpretation of results are likely to originate from differences in choice of deposition method/conditions and support electrode materials, which can all affect oxide structure, amorphous character and OER performance. Further clarity on the effect of these parameters on experimentally determined structures under catalytic potentials would be desirable in future work on (Ni/Fe)OOH materials.
Concluding remarks
In this overview of the very recent literature on oxygen electrocatalysis at oxide electrodes we have focused on new developments in bifunctional ORR/OER catalysts and new insights on synergistic effects. There is an active debate in the literature on the role of substrate/support for controlling electrode conductivity, stability and oxide intrinsic activity. We expect to see greater focus in the coming years on the joint optimization of activity and stability, as advocated in recent work. Further discussion of chemical stability toward ageing of many of the oxide materials reported would also be recommended. Most of the highly active oxide materials are disordered, porous and highly defective, therefore chemical ageing effects are likely to be important; in our own work on MnO x for the OER we have noted how structural changes in highly disordered phases can lead to activity loss [47] . A better understanding of structural instability and its undesirable but also desirable effects, as outlined in [48] , would be thus beneficial.
A robust debate on synergistic effects continues as regards Ni/Fe mixed oxy-hydroxides. The controversies, as mentioned in [46 • ] , are partly fueled by differences in phase segregation and exact conditions of preparation and testing. A better understanding on how these parameters affect activity would help research groups interested in the area of oxy-hydroxides.
This manuscript reports a new synthetic method based on the growth of carbon nanotubes (CNTs) on porous supports and subsequent dispersion of non-precious metal oxide catalysts for bifunctional ORR/OER electrodes. The method is attractive as it allows for separate optimization of porosity, CNT network and type of metal oxide catalyst.
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•• Dresp S , Luo F , Schmack R , Kuhl S , Gliech M , Strasser P : Energy Environ. Sci. 2016, 9 :2020-2024 . This paper reports NiFe-LDH-Fe-N-C two-phase bifunctional OER/ORR catalysts fabricated through a one pot microwave assisted fabrication route. The resulting overall OER and ORR overpotential value of 0.747 V at 10 mA cm −2 is extremely encouraging. Furthermore, the catalyst was tested in a reversible electrolyzer which showed rivalling activity to the state of the art material for the OER and ORR. This paper is highly recommend to read if one is researching the OER or ORR, it shows the progression of a catalysts from powder to device and reports Faradaic efficiencies of the materials, which is needed if the catalyst contains a carbon component.
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• Masa J , Xia W , Sinev I , Zhao A , Sun Z , Grützke S , Weide P , Muhler M , Schuhmann W : Angew. Chem. 2014, 53 :8508-8512 . This manuscript tackles the problem of creating bifunctional ORR/OER catalysts with good conductivity by using a combined pyrolysis/calcination approach to create MnO x /CoO x at nitrogenated carbon supports. The activity of these materials was found to be very competitive. The role of N-sites in the carbon is also discussed and hypothesised to contribute not only to increased conductivity but also to activity via Metal-N residual coordination. The catalysts display relatively low stability due to mechanical spallation however this might be improved via alternative pore architectures. 
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